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The production of hydrocarbons in reservoir rocks induces changes in pre-production pore pressure and stress. 
Depletion-induced pore pressure reduction increases the stress that is carried by the rock frame and thus can lead 
a) to microscale deformation in the rocks such as opening or closing of microcracks and 
b) to reservoir compaction with all its consequences such as surface subsidence, casing deformation and 
c) it can increase the likelihood of failure and fault reactivation. 
Therefore changes in fluid pressure and stress need to be taken into account in geomechanical modelling of reservoirs, 
e.g. to study fault seal effects especially in areas that contain temporal and spatial variations of normally pressured and 
overpressured sequences.
Analytical solutions for the injection of fluids into reservoirs and/or depletion from reservoirs exist for rather simple 
cases, such as continuous point injection into into a full space (Rudnicki, 1986). However, in practice, reservoirs are 
complicated underground storage volumes where the distribution of pore pressure and stresses cannot be compared 
with the simple analytical solutions. For these cases the stress and pore pressure distributions have to be computed 
numerically. Our objectives are to compute analytical solutions for pore pressure stress coupling (PPS coupling) and to 
demonstrate that it is possible with the FEM package Abaqus to model the pore pressure and stress distribution within 
reservoirs in a coupled geomechanical and hydrodynamical approach.
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ScotianShelf, Canada B 0.76 0.77
North West Shelf, Austra lia B 0.75 0.48
Gannet/Guillemot Fie lds, North Sea B 0.60 0.67
Vicksburg Formation, South Texas F 0.48 0.88
Travis  Peak Formation, East Texas F 0.57 0.85
Alberta  Bas in, Western Canada F 0.34 0.26
Ekofisk Fie ld, North Sea F ~0.8 -
US Gulf Coast B & F 0.46 -
Lake Maracaibo, Venezuela F 0.56 -
Brunei B & F 0.59 0.63
Magnus Fie ld, North Sea F 0.68 -
West Sole  Fie ld, North Sea F 1.18 -
Wytch Farm Fie ld, UK F 0.65 -
Venture Fie ld, Canada B 0.56 -
Area                                                      Scale                         C.C.Dsh/DPp
Dsh/DPpAverage                = 0.63
Continuous Fluid Injection at a Point into Infinite Space
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Numerical Model 1
3D FE-model with porous elastic rheology. Fluid injection occurs at one single 
point in a depth of 5 km with an injection rate of 10 l/s.
However, the numerical model does not exactly represent the injection into an 
inifinite domain under drained conditions as used in the classical analytical 
solutions by Rudnicki (1986) and Wang (2000). The effect of the model 
boundaries on the solutions have been investigated for 3 model sizes (3.3 km, 
6.7 km and 12.7 km).
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Influence of model boundaries on pore pressure
Pore pressure against distance after continuous fluid injection of 77 day
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Influence of model boundaries on minimum horizontal stress
Minimum horizontal stress against distance after continuous fluid injection of 77 days
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Influence of model boundaries on pore pressure stress coupling
Pore pressure stress coupling against distance after continuous fluid injection of 77 days
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Influence of model boundaries on pore pressure
Pore pressure against distance after continuous fluid injection of 259 day
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Influence of model boundaries on minimum horizontal stress
Minimum horizontal stress against distance after continuous fluid injection of 259 days
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Influence of model boundaries on pore pressure stress coupling
Pore pressure stress coupling against distance after continuous fluid injection of 259 days
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Influence of Model Boundaries on PP, Sh und PPS Coupling
Above: Pore pressure, stress and PPS coupling values with distance to the injection point for different times and different 
model sizes:
- Short injection times: Curves of the analytical solutions and the modelled results agree well for small model sizes as 
well as for large model sizes. 
- The smaller the model size and the larger the injection time, the greater are the deviations between analytical drained 
results and the modelled results. Injection of more than 200 days: Deviations of 100% may occur in the smallest model.
- Since both Pore pressure and horizontal stresses exceed the analytical solution, the effect on PPS coupling is smaller. 
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Comparison of analytical solution with numerical one
Pore pressure against distance after continuous fluid injection at one point
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Comparison of analytical solution with numerical one
Minimum horizontal stress against distance after continuous fluid injection at one point
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Comparison of analytical solution with numerical one
Pore pressure stress coupling against distance after continuous fluid injection at one point
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Comparison of Numerical Solutions with Analytical Solutions
For sufficent small injection times and large model volumes, stress and pore pressure distributions of the numerical 
model agree well with the analytical results. Only in PPS coupling the analytical solutions show higher values for greater 
distances.
Summary and Outlook
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Comparison of "inhomogenous" permeability with "homogenous" one
Pore pressure against distance after continuous fluid injection at one point
Distance from point of fluid injection [m]
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Comparison of "inhomogenous" permeability with "homogenous" one
Minimum horizontal stress after continuous fluid injection at one point
Distance from point of fluid injection [m]
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Comparison of "inhomogenous" permeability with "homogenous" one
Pore pressure stress coupling against distance after continuous fluid injection at one point
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Comparison of pore pressure, stress and PPS coupling of the model with the artificial high permeability reservoir and the 
model with homogeneous permeability.
- Pore pressures are higher in the high permeability zone and decrease rapidly at the boundary to the low permeability 
zone.
- Stresses are also increased in the area but besides a local reduction at the boundary there is not much change to the 
homogeneous model at greater distances.
- This leads to PPS coupling values in the orer of 0.7 - 1.0 at distances less than 1500 m and a peak at the  boundary of 
the high permeablity area.
Analytical solutions for continuous injection of a fluid at a point in an 
infinite domain, described in Rudnicki (1986). There from the changes 
of pore pressure and stress have been computed as a function of time 
and distance to the injection point. The pore pressure stress coupling 
values derived from the analytical solutions are close to the observed 
values.
- The results show that the observed pore pressure stress coupling values fit to the analytically derived values.
- With the FE software Abaqus it is possible to obtain the analytical values as long as the model size is large enough to 
avoid boundary effects.
- Abaqus enables to compute regional scale geomechanical models. In these models, gravity and tectonic stresses can 
be implemented. Using poroelasticity options within Abaqus will enable to study the spatial and temporal effects of 
depletion/injection as a function of well arrays, drilling path and injection depth, point or line injection.
 
 
 
a) Conventional model of the effect of pore pressure increase for a normal faulting regime with constant differential stress.
b) Pore pressure stress coupling leads for increasing pore pressure to an increase of the minimum horizontal stress and 
thus to a reduction of the differential stress (smaller Mohr circle).
Basin-Scale pore pressure stress coupling has been observed in the Scotian Shelf offshore Canada (Ervine and Bell, 
1987), the Central North Sea (Gaarenstroom et al., 1993) and Brunei (Breckels and van Eekelen, 1982).
Measurements of virgin pore pressures and magnitudes 
of minimum horizontal stress before depletion and pore 
pressures and stress measurements after depletion 
show that values of DSh/DP commonly range between 
0.37 and 0.9.
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Numerical Model 2
Numerical model 2 contains a high 
permeability zone, that is embedded in a 
low permeability area.
We used following material parameters:
Injection rate q/r0 = 10 l/s
Hydraulic conductivities:
	 kl = 1.0e-8 m/s, kh = 1.0e-6 m/s
Drained bulk modulus K = 5 GPa
Solid bulk modulus Ks = 40 GPa
Lamé parameters:
	 l, m = 6 GPa, lu = 16 GPa
Results
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p(x,t) = q/(4prr0c) * [(lu - l)(l + 2m)] / [z (lu + 2m)] * erfc(0.5 x)2 z = 1 - K/Ks
x = r / (ct)1/2
g(x) = erf(0.5 x) - p    x exp(-0.25 x )-1/2 2
q: Amount of injected fluid
c: Hydraulic diffusivity
K: Drained bulk modolus
Ks: Bulk modolus of the solid constituents
sij = -q/(4prr0c) * (lu - l)m / [z(lu + 2m)] * {dij [erfc(0.5 x) - 2x g(x)] + (xixj / r  )[erfc(0.5 x) + 6x g(x)]}-2 -22
Stress and pore pressure distribution 
influence the reactivation of faults as well as 
wellbore stability and fluid flow pathways. 
Geomechanical modelling of stress and pore 
pressure distribution under realistic tectonic 
boundary conditions can help tp predict an 
optimized design of the well array in 
reservoirs.
